The aim of the present study was to examine the relationship of changes in long term glucose levels as measured by Hemoglobin A1c (HbA1c) with simultaneous changes in cognition. The sample included in the present analysis consisted of 101 community dwelling non-diabetic elderly subjects participating in ongoing longitudinal studies of cognition. Subjects were included in this study if they were cognitively normal at baseline, had at least one co-temporaneous follow-up assessment of HbA1c and the Mini Mental State Exam (MMSE), and complete data on age, gender, race, and years of education. MMSE decline over time was the main outcome measure. In TOBIT mixed regression models, MMSE was the dependent variable and HbA1c the time-varying covariate. Sociodemographic (age, gender, and education), cardiovascular (hypertension and APOE4 status), and lifestyle (smoking and physical activity) covariates were included in the statistical model. After adjusting for age at follow-up, there was a decrease of 1.37 points in the MMSE (p = 0.0002) per unit increase in HbA1c. This result remained essentially unchanged after adjusting also for gender and education (p = 0.0005), cardiovascular factors (p = 0.0003), and lifestyle (p = 0.0006). Additionally, results remained very similar after excluding subjects with potentially incipient diabetes with HbA1c between 6 and 7. These findings suggest that in nondiabetic non-demented elderly subjects, an increase in HbA1c over time is associated with cognitive decline. Such results may have broad clinical applicability since manipulation of glucose control, even in non-diabetics, may affect cognitive performance, perhaps enabling preventive measures against dementia.
INTRODUCTION
Diabetes and even pre-diabetes stages have been demonstrated relatively consistently to be risk factors for cognitive decline [1] , mild cognitive impairment (MCI) [2] , and dementia [3] . Previous studies have addressed the association of several diabetes related factors (such as diabetes diagnosis across lifespan [3, 4] , measures of long term glucose control at baseline [5] , or insulin resistance at baseline [6] ) with future cognitive decline, dementia, or structural brain changes. Yet, to the best of our knowledge, the association of changes in cognition as a function of long term changes in glucose control has not been addressed directly. Though several mechanisms have been proposed to explain the relationship between diabetes and cognition, there is still no consensus regarding the biological pathways or diabetes-related factors (glucose control, type of medication, presence and type of complications, etc.) by which diabetes affects cognition. Long term glucose levels in the blood, which are measured by hemoglobin A1c (HbA1c) and may be high or within normal range (reflecting good glucose control) in diabetic subjects, may represent a marker of neurotoxicity through as yet unidentified mechanisms [5] . Since HbA1c levels are a continuum, a relationship with cognitive performance in non-diabetic individuals, who are, by definition, limited to lower HbA1c levels, would reinforce its biological plausibility as a potential underlying risk factor for cognitive compromise. The aim of the present study was to assess the relationship of changes in HbA1c levels with concomitant changes in cognition in non-diabetic non-demented elderly individuals.
MATERIALS AND METHODS

Subjects
The sample consisted of 121 community dwelling elderly subjects participating in an ongoing prospective longitudinal study of risk factors for cognitive decline of the very elderly (≥75 years of age) at the Mount Sinai School of Medicine. They were recruited through talks, newspaper ads, and participating acquaintances and followed up at approximately yearly intervals. Subjects were included in this study if they were cognitively normal at baseline, as described below. Subjects with a diagnosis of stroke or other neuropsychiatric disease that could compromise cognition (such as history of stroke, Parkinson's disease, or schizophrenia) were excluded from the study. For the purposes of this analysis, subjects were included if they had at least one co-temporaneous follow-up assessment of HbA1c and the Mini Mental State Exam (MMSE) in addition to cotemporaneous baseline assessments, and complete data on sociodemographic (age, gender, years of education), cardiovascular (ApoE4 and hypertension status), and lifestyle (smoking and physical activity) variables. The number of diabetic subjects otherwise fulfilling inclusion criteriawas too small (n = 16) for meaningful comparisons, so diabetic subjects were excluded from this analysis. Another four subjects were excluded because of missing data in one of the potential confounders. Thus, the final sample for analysis was of 101 subjects.
The operational definition of "cognitively normal status" was based on the MMSE at baseline (above the 10th percentile by age, gender, and education adjusted norms [7] ), Clinical Dementia Rating (CDR) of zero (i.e., no dementia) [8] , and subject's medical charts, all of which were discussed in multidisciplinary consensus conferences. The mean number of observations per subject was 3.00 (SD = 0.95, range 2 to 6). The mean follow-up duration was 32.03 months (SD = 14.80, range = 6.8 to 65.2). Follow-up assessment included HbA1c and MMSE measurements and was performed at approximately yearly intervals. The study was approved by the Mount Sinai institutional review board and all subjects signed informed consent.
Assessment procedures
MMSE-The MMSE was administered in this study at approximately yearly intervals. The MMSE is a commonly used 30 point scale assessing cognitive function in areas of orientation, registration, attention and calculation, recall, language, and praxis [9] .
Clinical Dementia Rating (CDR)-The CDR scale was administered to each participant at baseline. The CDR is an established clinical and research instrument for the assessment of cognitive function and performance on a five point scale in six domains [8] : Memory, Orientation, Judgment & Problem Solving, Community Affairs, Home & Hobbies, and Personal Care. A score for each domain is established through semi-structured interviews with the participant, as well as a separate interview with an individual familiar with the participant (usually a family member, nurse, or certified nursing assistant). Scores are 0 (nondemented), 0.5 (questionable dementia), 1 (mild dementia), 2 (moderate dementia), and 3 (severe dementia).
HbA1c-Ion exchange, high performance liquid chromatography was used to assess HbA1c [10] . This assessment was usually performed on the same day as the MMSE. In exceptional cases, HbA1c assessment was performed within two weeks of the MMSE assessment.
Additional confounders
Diagnosis of hypertension and diabetes-Diagnosis of hypertension was determined by a consensus conference based on the presence of hypertension in the medical chart, blood pressure measurements from the chart implying hypertension based on the American Heart Association criteria [11] , or medications for the treatment of hypertension. In addition to the medical charts, medication inventories were done at the participants' residences, where the interviewer recorded information directly from medication labels, providing good reliability of this data. Diagnosis of diabetes was determined similarly [12] .
Physical activity-Physical activity was evaluated using a questionnaire that assessed the best description of physical activity level within the past year. A subject could be rated in one of six levels of physical activity ranging from: the lowest (1) = Mostly sitting, to the highest (6) = Strenuous exercise several times a week [13] .
ApoE-A subject carrying at least one ApoE4 allele was considered ApoE4 positive. ApoE genotype was determined by PCR run from blood [14] .
Smoking status-Subjects were questioned regarding present and past smoking. In this analysis, smoking was defined as never/ever smoked.
Lipid levels-Lipid levels (triglycerides and cholesterol) levels at baseline were extracted from the subjects' medical charts.
Statistical analysis
A TOBIT mixed regression model with a time-varying covariate which assesses the withinsubject associations of changes over time was used to analyze longitudinal MMSE data. The TOBIT approach has long been used to model data where there is either a floor-effect or a ceiling-effect in the outcome. In the presence of a ceiling effect, for example, an ordinary regression model would give misleading results since the slope would be attenuated by the fact that many observations have reached the maximum value and are not changing as the independent variable changes. The TOBIT model accounts for this phenomenon and adjusts the estimate of the slope appropriately. Recently, the classic TOBIT model has been extended to accommodate repeated measurements on subjects in the context of a longitudinal study (mirroring what has been done to extend classic regression models to mixed models). The extension of the TOBIT model allows for imbalanced data (not all subjects must have the same number of visits) as well as unequal spacings between visits [15] , to accommodate ceiling effects [15] that can be common in the context of nondemented subjects. We felt TOBIT regression is well suited to the analysis of this data since it models both the probability of reaching either the floor or ceiling and the development over time between the floor and ceiling [15] . Additionally, the TOBIT addresses variable times between follow-up assessments. The primary predictor was HbA1c, which was entered as a time-varying covariate, i.e., varying simultaneously with the MMSE. In our TOBIT mixed model, the only random effect was "subject"; all other variables in the model were treated as fixed effects. In the classic TOBIT model, all variables (including latent variables) would be considered fixed; so in a mixed model extension, it is still only the subject variable that is considered as a random effect.
Other baseline measures of covariates in the model were sociodemographic variables (age at follow-up, gender, education), cardiovascular variables (hypertension, APOE4 genotype, and BMI), and lifestyle variables (physical activity and smoking). For descriptive purposes we performed Spearman correlations of pairs of variables included in the main analysis ( Table 1 ). The Spearman correlation method was employed to highlight the presence of a ceiling effect in MMSE scores. For consistency, Spearman's method was used to estimate correlations among all other variables as well (Table 1) .
RESULTS
The sample included 101 subjects. As demonstrated inTable 2, mean age at baseline was 86. Approximately two thirds of the sample was female. The subjects were relatively highly educated (mean number of years of education = 15). The vast majority of the sample (94%) was Caucasians, 22.8% were ApoE4 positive, approximately two thirds of the sample had a diagnosis of hypertension, 59.1% had ever smoked, and 87% reported performing light or less physical activity in the last year. None of the subjects had a baseline diagnosis of diabetes and there were no incident cases of diabetes during the study period. As shown in Table 2 , the average HbA1c at baseline was 5.5%, consistent with a non-diabetic status. Thirteen out of the 101 subjects (12.9%) participating in the study had HbA1c levels >6% and ≤7% (the highest HbA1c in the sample was 6.7%) but were not diagnosed with diabetes. The average MMSE at baseline was 28.1, consistent with a cognitively normal status.
Since the question of primary interest is the relationship between MMSE and HbA1c, the TOBIT regression model used for analysis relates the MMSE scores to the levels of HbA1c. In this model, the ordering of data along the x-axis is in terms of levels of HbA1c, not time. Although the descriptive statistics in Table 2 provide estimates of the changes in each of these variables over time, the fundamental relationship estimated by the TOBIT model relates MMSE scores to the HbA1c levels associated with these scores. The slope coefficient is interpreted as the change in MMSE per unit change in HbA1c; but it is to be noted that this fundamental relationship does not directly estimate the change in either of these variables over time aside from the fact that these variables were assessed at different times.
When considering the temporal change based on only the first and last assessments, the respective means of MMSE and HbA1c did not change in terms of clinical relevance (−0.12 and 0.03, respectively). However, when considering all assessments, there was statistically significant within-subject variability for both MMSE (SD = 1.45; p < 0.0001) and HbA1c (SD = 0.23; p < 0.0001). Thus, although the mean change from baseline to last assessment in MMSEwas only −0.12, the average deviation within a subject from the grand mean MMSE of 28.11 was 1.45 units. Similarly, although the mean change in HbA1c from first to last visit was only 0.03, the average deviation within a subject from the grand mean HbA1c of 5.53 was 0.23 units. So, although temporally, from first to last assessment there does not appear to be any clinically relevant change in MMSE and HbA1c, there is significant variability among MMSE and HbA1c within subjects. Table 1 shows zero-order correlations among the predictors entered in the regression equations as well as with the MMSE. Baseline MMSE was significantly correlated with last MMSE (p < 0.0001) and with changes in MMSE from first to last assessment (p = 0.039). Baseline HbA1c was significantly negatively correlated with baseline MMSE(p = 0.0129) and with changes in HbA1c from first to last assessment (p = 0.0043), and positively correlated with last HbA1c (p < 0.0001) and follow-up time (p = 0.0196). Age at baseline was significantly correlated with follow-up time (p = 0.05). All other correlations were not statistically significant.
As presented in Table 3 , after adjusting for age at follow-up, there was a decrease of 1.37 points in MMSE (p = 0.0002, 95% CI −2.07 to −0.66) per unit increase in HbA1c. This result remained essentially unchanged after adjusting also for years of education and gender (p = 0.0005, 95% CI −1.98 to −0.57), cardiovascular factors (p = 0.0004, 95% CI −2.02 to −0.61), lifestyle variables (p = 0.0006, 95% CI −1.99 to −0.57), duration of follow-up (p = 0.0008, 95% CI −1.95 to −0.53), lipid levels (p = 0.0003, 95% CI −2.07 to −0.64), or BMI (p = 0.0003, 95% CI −2.05 to −0.63). In order to reduce the possibility that subjects who were at higher risk for developing diabetes were significant contributors to the results, we repeated the analysis after excluding subjects with HbA1c levels >6. The results remained very similar: per each 1% increase in HbA1c levels, there was a decrease of 1.1 in the MMSE score (SE = 0.44, p = 0.01). This relationship is depicted in Fig. 1 .
Although the role of HbA1c changes on functional decline is of interest, due to the small number of subjects who converted fromCDR= 0 toCDR= 0.5 (n=6) during the period of the study, a meaningful analysis investigating this relationship was not possible. When a regression model with a 1-visit lag for HbA1c (excluding baseline MMSE, since there was no prior HbA1c) was examined, the lagged HbA1c was no longer significantly associated with MMSE 1-visit later. To examine whether the vanishing significance was due to a reduced sample size, we re-ran the model excluding baseline records. The parameter estimate and the significance level for the HbA1c variable was virtually unchanged from what was obtained using the full sample including baseline measurements. A model with the outcome and predictor variables interchanged was run, demonstrating a significant effect of MMSE on HbA1c. When the model was rerun for lagged MMSE predicting HbA1c, the pvalue (0.5677) became non-significant, similar to the lagged HbA1c model.
Finally, a MMSE domain-specific analysis was conducted ( Table 4 ). The "delayed recall" domain (outcome variable) showed significant association with concurrent HbA1c (independent variable) while the other domains were not associated with concurrent HbA1c. We also performed an analysis using a 1-visit lag for HbA1c and the odds ratio was rendered non-significant (results not shown).
DISCUSSION
The results of this study suggest that in non-diabetic non-demented elderly subjects, an increase in HbA1c is associated with concurrent cognitive decline as measured by theMMSE.These results remained significant even after controlling for demographic [16] , cardiovascular [17] , and lifestyle factors [18] which have previously been demonstrated to be associated with cognition, or with length of follow-up which is inherently controlled for in the analysis.
The average changes in MMSE and HbA1c over the course of the study were negligible; however, there was enough within subject variability in MMSE and HbA1c to allow assessment of the association with changes in HbA1c. Therefore, despite changes in HbA1c [19, 20] and cognition [21] with aging, the presently observed relationship cannot be attributed merely to overall trends in both over time. Approximately 13% of the subjects participating in the study had baseline HbA1c levels above 6% (but below 7%). Although such HbA1c values are relatively common in the general population not diagnosed as suffering from diabetes, they may be indicative of impaired fasting plasma glucose [22] and precede the diagnosis of diabetes. In order to reduce the possibility that undiagnosed diabetic, or pre-diabetic subjects were the main contributors to these results, we performed an additional analysis which excluded subjects with baseline HbA1c >6%. The results did not change substantially and remained statistically significant despite the decrease in the sample size.
The present study advances beyond associations of baseline HbA1c with cognitive decline among non-diabetic persons to associations of simultaneous changes in HbA1c and cognitive performance over time. Our results may suggest that long-term peripheral glucose levels per se may be associated with biological mechanisms for neuronal dysfunction/ neurodegeneration and subsequent cognitive compromise beyond their manifestation in diabetes. Interestingly, a lagged effect has not been found, i.e., HbA1c levels were associated with concurrent MMSE score but not with future MMSE scores. Similarly, MMSE scores correlated with concurrent HbA1c levels but not with future HbA1c levels. HbA1c levels at any point in time, reflect the average glycemic control over the previous 3 months, whereas MMSE scores are more subjected to short-term variations, especially in elderly subjects [23] . Thus, though the direction of the association between HbA1c and cognition cannot be elucidated based on the present data, it is plausible that cognitive performance is affected by glycemic control over the past months. The present results are consistent with those of previous studies showing that reduced glucose tolerance at a certain time point is associated with decreased general cognitive performance and memory impairment in middle aged and elderly non-diabetic non-demented individuals [24] . Others have demonstrated the long term association of HbA1c levels at baseline with incident MCI and dementia at follow-up in mostly non-diabetic elderly women [5] . In subjects with HbA1c levels within the range regarded as normal in clinical practice, higher HbA1c levels (but not cardiovascular risk factors such as diabetes) were also associated with smaller hippocampal volume and with accelerated rate of brain atrophy [25] , both of which are biological measures associated with cognitive performance. Previous studies have shown that HbA1c levels are associated with cardiovascular disease [26] , mortality [27, 28] , and carotid artery plaques [29] even in nondiabetic subjects with modest levels of HbA1c. This may suggest the possible role of long-term glucose levels in vascular pathology, which may also affect cognition [30, 31] . Indeed, vascular brain pathology has been demonstrated to be an important contributor to cognitive compromise and dementia in the elderly [30] . In the present study, brain imaging data was not available, thus precluding the ability to evaluate the effect of changes in HbA1c on brain parenchyma and vasculature. Stroke was an exclusion criterion for participation in this study based on medical history, chart, and consensus conference. However, measurement of subclinical manifestations of cerebrovascular disease, which might have modulated our findings, was beyond the scope of this study. Chronic and acute hyperglycemia were associated with decrease in cerebral blood flow in animal models [31] , particularly in the hippocampus [32, 33] . This phenomenon may be further stressed when confronting cognitive tasks, which in animal models have been demonstrated to be associated with depletion of extracellular glucose in the hippocampus [34] . Since glucose levels in the blood exist along a continuum, relative high blood glucose levels (even within the range considered to be normal) may be associated with impaired cognitive function, as shown by other studies [24] . The susceptibility of the hippocampus to the effects of peripheral hyperglycemia is consistent with our finding that [9] delayed recall, the primary cognitive domain affected by hippocampal degeneration, amongst the different cognitive domains assessed by the MMSE, was the most strongly associated with HbA1c values.
The main strength of this study is the relatively long period with simultaneous assessments of HbA1c and MMSE, permitting examination of the association of their changes. The multidisciplinary consensus on the non-diabetic and cognitively normal status of the subjects is another strength. HbA1c levels in this study were consistent with those of other nondiabetic elderly cohorts, validating the applicability of the present results to non-diabetic elderly [22] . An additional advantage of this report is that in comparison to previous studies, which have based their conclusions on the association between glycemic control (or diabetes related characteristics) on baseline laboratory values or diagnosis [25, 35] , the present study demonstrates an association between glycemic control and cognition as continuously measured over time. The studywas focused on the oldest old, the fastest growing segment of the population [36] in the Western world and at the highest risk for dementia [37] but for whom little is known about risk factors for dementia. Extrapolation of the results of this study to younger elderly should be done with caution.
Limitations of this study are, as previously noted, lack of brain imaging data. Additionally, some of the potential confounders were based on self-report only (physical activity and smoking).We did not have consistent data on waist circumference, fasting blood glucose, or insulin levels. Data on BMI was available at baseline but not at follow-up. The subjects' relatively high educational level and homogenic race is similar to that of many other cohorts [38, 39] , but limit the external validity of the results and their generalizability to populations with lower education or to non-Caucasians. Finally, the MMSE was used to measure overall cognitive performance; it withstood significant variability within a subject and was sensitive enough to capture the relationship between its changes and changes in glycemic control. In our sample, the rate of MMSE decline over time was in accordance with that observed in previous studies [40, 41] showing an initial increase in MMSE scores (attributed to a learning effect) and a progressive decrease in MMSE scores thereafter (results not shown). MMSE, therefore, may be an effective tool for the detection of cognitive deterioration in an aging population over long periods of time. However, a full neuropsychological assessment might provide useful information about specific cognitive domains that may be more affected by changes in glycemic control. Learning about the role of changes in HbA1c on elderly subjects' functional capacity would be of value. However, our study sample consisted of cognitively intact subjects at baseline (CDR = 0) and during the period of the study, only 6 subjects deteriorated to CDR= 0.5. Cognitive dysfunction leading to decline in the ability to function and maintain independence is one of the core criteria for diagnosis of dementia [42] and its presence as a criteria in the diagnosis of MCI is a topic of debate [43, 44] . Therefore, a meaningful analysis regarding the effect of increase in HbA1c on subjects' functional abilities in an a-priori cognitively intact sample was not possible. Although analyses of time co-varying variables has several advantages over prediction from baseline values only, one of its potential problems is reverse causality, which we cannot rule out: it is possible that cognitive performance was influencing glycemic control, either directly [45, 46] , or indirectly, for example, through changes in dietary habits or physical activity as part of incipient cognitive decline, leading to increased levels of HbA1c. In order to address the possibility of reverse causality (i.e., that cognition drives changes in HbA1c rather than the opposite) between changes in HbA1c and changes in MMSE over time, we examined in secondary analyses (data not shown) whether the association between HbA1c and MMSE and the direction of this association persisted after replacing the time varying HbA1c levels in the TOBIT model with only the baseline HbA1c level and its interaction with time. The reason for doing this is that if the results from the model looking only at baseline HbA1c (which we know cannot be tainted by reverse causality) agree with the results from the model using all measures of HbA1c then we can be reasonably confident that reverse causality is not adversely impacting our results. What we found was that although the interaction between baseline HbA1c and time was not statistically significant (The p-value for the interaction between that baseline HbA1c and time as linear was p = 0.1787); the direction of the association indicated that subjects with higher HbA1c levels at baseline had more of a decline in their MMSE over time than subjects with lower HbA1c levels at baseline. Therefore, the conclusion drawn from the analysis restricted to only baseline HbA1c data is consistent with the conclusion drawn from the analysis using all available time varying HbA1c data, namely increased levels of HbA1c are associated with decreased MMSE scores. We think the agreement between the two approaches lends credibility to our results; however, we acknowledge that statistical models do not establish causality or reverse causality.
Future studies should prospectively examine populations with broader sociodemographic characteristics and the interaction of long term glucose control, peripheral insulin levels, cognition, and neuropathologic findings. Another critical extension is replication of this study in a diabetic sample, particularly in light of recent findings suggesting that diabetes medications may reduce AD neuropathology [47] . Additionally, the effect of factors potentially associated with glucose control (such as diet and medications) on cognition should be assessed. Findings from such studies are expected to advance understanding of the underlying mechanisms relating poor glycemic control to increased risk of dementia as well as future planning and implementation of dementia prevention strategies in diabetic as well as in non-diabetic individuals. Fitted line from a TOBIT Regression model of MMSE scores regressed on HbA1c (adjusting for age, gender, APOE4, physical activity, years of education, smoking status, and hypertension) overlaid on the observed MMSE scores and corresponding HbA1c measures. This line was computed based on specific values of the aforementioned covariates, in particular an 87 year old smoking female, performing light physical activity with 15 years of education, no hypertension and APOE4 genotype. Other values of these covariates would generate a line with a different intercept and the same slope. Table 1 Zero-order Spearman correlations among variables Description of the sample Table 3 Association of changes in HbA1c and changes in MMSE (DF = 100). TOBIT regression estimates including Table 4 Association of changes in HbA1c and changes in specific domains of the MMSE 
